Objective: To compare the cuspal strain in Class II restorations made with bulk-fill and conventional composite resins.
| I NTR OD U CTI ON
When restoring a posterior tooth with direct composite resin, polymerization shrinkage stress can be damaging to the tooth, the adhesive interface, and the restorative material itself and can thus lead to a host of clinical problems such as cusp deflection, [1] [2] [3] [4] fracture of enamel margins, [5] [6] [7] [8] debonding, [8] [9] [10] [11] micro-cracking of the composite resin, 12 microleakage, [13] [14] [15] [16] postoperative sensitivity [15] [16] [17] and pulpal irritation. 18 Although no clinical evidence currently exists linking shrinkage stress with clinical failure, [19] [20] [21] it would be desirable for clinicians to minimize polymerization shrinkage stress which might predispose restorations to such problems.
The incremental placement technique has been recommended to reduce polymerization shrinkage stress. While horizontal, vertical and oblique increments have been proposed, all have the same goal of increasing the unbonded area in each increment of composite resin which maximizes the potential for stress relaxation via external flow. 22, 23 Reduced polymerization shrinkage stress via incremental placement and light-curing has been demonstrated in several in vitro studies. [24] [25] [26] Other benefits of the technique include optimal physical properties due to adequate photopolymerization of each increment and optimal bond strengths due to controlled shrinkage stress. 4, 27 Improved cavity floor adaptation with the incremental technique vs. bulk-filling with conventional composite resins has also been found in vivo.
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Despite this, the beneficial effects of incremental placement on polymerization shrinkage stress have been questioned. Some authors have argued that incremental placement results in more shrinkage stress affecting adjacent tooth structure, and recommended bulk-filling with conventional composite resins. 28 While some researchers have verified a reduction in shrinkage stress in vitro while bulk-filling with conventional composite resins, further investigation revealed that the reduction in stress was due to poor polymerization resultant from limited light penetration into the composite resin. 4, 29 Furthermore, the incremental placement technique is technique-sensitive and timeconsuming. The market demand seems to favor restorative dental materials that are faster and easier to use. In an effort to meet this demand, several manufacturers have introduced bulk-fill composite resins to the market. Manufacturers claim an increased depth of cure (4-5 mm deep) and lower polymerization shrinkage stress with bulk-fill composite resins compared to conventional composite resins. This can eliminate the need for a sophisticated layering technique and reduce the chair time needed for each restoration.
Laboratory studies on low-viscosity bulk-fill materials have shown that they exhibit higher volumetric shrinkage than conventional highviscosity composite resins, and do not always exhibit lower polymerization shrinkage stress, similar to their "flowable" composite resin counterparts. [30] [31] [32] [33] The high-viscosity bulk-fill materials however, generally exhibit similar or lower volumetric shrinkage and polymerization shrinkage stress than their conventional composite resin counterparts, but to different extents. [30] [31] [32] 34 Thus, it appears that the overall ability of bulk-fill composite resins to produce lower polymerization shrinkage stress is product-dependent.
A positive linear correlation has been found between the polymerization shrinkage stress generated by composite resin materials, their linear shrinkage and elastic modulus. 34, 35 Raising the rate of polymerization also increases the shrinkage stress generated due to a more rapidly rising modulus. 36 Hence, numerous photopolymerization methods have been recommended to retard the rate of polymerization, 7, 37, 38 but controversy exists regarding their efficacy. [39] [40] [41] More recently, resin matrices of some bulk-fill materials have been reformulated to control the rate of polymerization in an attempt to maximize stress relief in the pre-gel phase. 42, 43 It has been shown that polymerization shrinkage causes cuspal deflection in restored teeth, which indicates the presence of shrinkage stresses. Strain gages bonded to buccal and lingual surfaces of cusps are a relatively simple and inexpensive way to record cuspal strain, 50 which is proportional to the shrinkage stresses imposed on the tooth structure. [1] [2] [3] Strain gages bonded to cusps have the potential to overcome shortcomings of non-continuous methods by offering real-time, multi-linear recordings of cuspal deformation over an area equal to the surface of the gage grid. Furthermore, given precise placement and orientation, they can be less sensitive to specimen orientation and distortion during restorative procedures than LVDTs. 50 The purpose of the present study was to evaluate the effect of composite resin type and insertion technique on cuspal strain in vitro.
The null hypothesis was that there is no significant difference in the cuspal strain exerted on tooth structure between bulk-fill and conventional composite resins. 
| Cavity preparation
Standardized MOD cavity preparations were made in all specimens using a parallel-sided, round-ended diamond rotary instrument (model #835KR.31.008, Brasseler USA, Savannah, GA, USA), mounted in an air turbine, using copious water spray. The occlusal isthmus was 40% of the maximum buccolingual width (BLW). The pulpal floor was 3.5 mm below the lingual cusp tip. The axial wall was 2 mm high and the axial wall depth was 25% of the maximum mesiodistal width of the specimen. All internal line angles were rounded, and all proximal cavosurface angles were oriented so as to achieve a 908 cavosurface angle. All dimensions were confirmed with a digital caliper with 0.01 mm accuracy during cavity preparation.
| Specimen restoration
After cavity preparation, the specimens were mounted on a polyvinyl siloxane base for stabilization and the strain gages were connected to a data acquisition unit (Model D4 Data Acquisition Conditioner, MicroMeasurements). A dummy specimen, which was prepared but unrestored was always connected to the data acquisition unit during the restorative procedures to compensate for temperature and humidity fluctuation. Prior to restoration, the PVS proximal matrices were placed against the proximal surfaces. Care was taken to ensure a tight but passive fit which did not interfere with the output of the strain gages. The data collection was initiated immediately before the restorative sequence. The operator was masked of the live feed of strain output during the restorative sequence.
A two-step self-etch adhesive (OptiBond XTR, Kerr Corporation, Orange, CA, USA) was applied and photopolymerized and the specimens were restored according with the following protocols (n 5 10): All materials were used according to the manufacturers instructions. Table 1 lists all restorative materials used in this study.
The proximal matrices served as a guide for the volume of composite resin that was inserted since they recorded of the specimen's preoperative shape, as well as provided a reference for the marginal ridges and thus the height of the occlusal table. The occlusal increments were placed in continuation of the existing cuspal inclines and primary occlusal anatomy was recreated. All increments were photopolymerized for 20 s with a high intensity polywave LED curing light (Bluephase G2, Ivoclar Vivadent) on "high "setting, with the tip as close to the specimen as possible without touching it. After the final occlusal layer was photopolymerized the investigators waited for 4 min to allow the polymerization reaction to continue. Data collection was stopped 
| Statistical analysis
All groups were subjected to Kruskal-Wallis ANOVA. Due to the excessively high mean and standard deviation, group FSUB was excluded from further analysis. The remaining groups were subjected to oneway ANOVA and Tukeys post hoc test for multiple comparisons. The level of significance was set to .05.
| RE S U LT S
The Kruskal-Wallis ANOVA revealed that a significant difference existed among the groups for buccal, lingual and combined data.
Results (mean strain values) for each experimental group are shown in Table 2 . For buccal cusps, group FSUI had a significantly higher mean strain value than groups SF and SDR-FSU, while groups TEBF, SF, and SDR-FSU were not significantly different.
For lingual cusps, group FSUI had a significantly higher mean strain value than groups SF and SDR-FSU, while groups TEBF, SF, and SDR-FSU were not significantly different.
For combined strain, group FSUI had a significantly higher mean than groups TEBF, SF, and SDR-FSU.
| DI SCUSSION
Bulk-fil composite placement techniques have gained considerable attention recently, but their effect on cuspal strain has not been fully investigated, particularly when different types of composite materials are compared in a similar study design. In this study three different bulk-fill composite resins were compared against a conventional nanofilled composite resin, in the manner which they are clinically used.
Two of the bulk-fill materials (SF and SDR-FSU) generated significantly lower cuspal strain than the control group. Group TEBF had a clear tendency to exhibit lower cuspal strain than the incrementally placed composite resin, reaching a level of significance for combined strain, but not for separate buccal or lingual strain. The null hypothesis of this study can therefore be rejected; restoration with all bulk-fill materials resulted in lower cuspal strain compared to conventional composite resin placed incrementally, although the magnitude of cuspal strain was product dependent. To enable a greater depth of cure, bulk-fill materials in general have greater translucency and more potent photoinitiator systems than conventional composite resins. 43, 52, 53 There are conflicting findings in the literature on whether some of these materials have the ability to polymerize to the claimed depth, which in part relate to the testing methods used. It was recently found that the standard method to investigate depth of cure, the ISO 4049 method, is unsuitable for bulkfill composite resins, as it resulted in overestimated curing depths. 54 Other methods, such as the acetone-shake method 55 and hardness tests on opposing ends of polymerized composite resin cylinders have been proposed as substitutes. In the latter, a ratio of 80% from bottom/top hardness values has been found to represent a clinically acceptable depth of cure. 56 Regardless of testing methods, the low- violating the recommended maximum depth of cure for these materials, the proximal boxes (2 mm deep from the pulpal floor) were first restored, followed by the occlusal portion which was 3.5 mm deep from the lingual cusp. According to this, the incremental thicknesses were well below the maximum recommended limit.
Extracted intact maxillary premolars were chosen as specimens due to their relative symmetry and similar cusp height. 61, 62 The cavity preparation in this study was of fixed depth with other dimensions Excluded from statistical analysis due to the high mean and standard deviation. The decision to prepare the occlusal isthmus to 40% of the maximum BLW was made after performing a pilot study where the isthmus width was 50% of the maximum BLW. In that study the investigators experienced numerous cuspal fractures due to polymerization shrinkage stress with groups FSUI and FSUB. Interestingly, all bulk-fill specimens prepared with the wider isthmus survived.
The groups SDR/FSU and SF generated the lowest strain values of all groups. SureFil SDR flow has a reported filler load of 68% by weight/45% by volume, and has a patented, photoactive, highmolecular weight (849 g/mol) modified UDMA, which slows the polymerization kinetics, allowing for increased stress-relief via internal flow in the pregel phase. 42 This material exhibits relatively high volumetric shrinkage but the values of polymerization shrinkage stress have consistently been measured very low due to a slow elastic modulus development during polymerization, and a relatively low final elastic modulus. 30, 42, 63, 64 According to the manufacturer, this material should be veneered with 2 mm of conventional composite resins to improve strength, wear resistance and esthetics of restorations. If the actual strain values from the buccal and lingual strain gages, prior to polymerizing the veneering increments in this group are investigated, very low strain values averaging at 47.8 mE between both cusps can be seen (Figure 4) . A comparison with the mean values for the group reveals that about 80% of the strain generated in this group was generated by the veneering composite material. However, it must be recognized that the cavity geometry is likely to mask a part of the strain generated by the SDR material since the bottom 2 mm of the cusps were supported by the axial wall. It is hard to extrapolate these results to the clinical scenario where cavity preparation geometry inevitably varies greatly.
SonicFill is a highly filled (83.5% bw, 69% bv) composite resin. It contains rheological modifiers that allow for increased particle motion and a severe drop in viscosity upon sonication with a designated handpiece, leading to increased pre-gel stress-relief via internal flow. 43 The high filler content leads to relatively low volumetric shrinkage and a higher elastic modulus than most other bulk-fill composite resins. 30, 63, 64 
| CON CLU S I ON S
Within the limitations of this in vitro study, the following conclusions may be made:
Bulk-fill composite resins resulted in lower cuspal strain compared to conventional composite resin placed incrementally.
The magnitude of cuspal strain in the bulk-fill groups was productdependent.
